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Introduction 33
Mycobacterium avium subspecies paratuberculosis (MAP) is the causative agent of Johne's disease 34 (JD), a chronic wasting disease of cattle and other ruminants, characterised by a reduction in milk 35 yield, severe diarrhoea, weight loss and intermandibular oedema (commonly referred to as bottle 36 jaw). In addition to causing a significant health impact on the national herd, this disease has a 37 significant economic impact on the dairy industry as a whole. MAP is an extremely slow growing 38 bacterium, taking up to 8-12 weeks to grow in liquid culture media, which makes detection by 39 traditional culture methods problematic (Sweeney et al., 2012) . MAP is also implicated in the 40 development of Crohn's disease (CD) (Swift et al., 2013) . In this study we used 74 the phage-PCR assay to rapidly estimate the prevalence of MAP in retail pasteurised milk. In addition 75 experiments were carried out to try and establish how MAP enters the milk and where the bacteria 76 are located in naturally contaminated milk, and the pattern of results led to a hypotheses about how 77 M A N U S C R I P T
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Collection of pasteurised milk samples 81
Three-hundred and eighty-six semi-skimmed milk (1.7 % fat) samples were collected at four time 82 points (May 2014, November 2014, January 2015, and June 2015) using volunteers from the 83 University of Nottingham Sutton Bonington campus; this type of milk was chosen as it was the most 84 popular purchased by the volunteers providing the samples. The milk had been purchased from 85 either retail suppliers or doorstop providers primarily within three UK counties (Nottinghamshire, 86
Derbyshire, and Leicestershire). Volunteers were provided with a sterile 50 ml tube and detailed 87 instructions on how to take the sample, including specifying that it must be taken from a previously 88 unopened carton (carton size not specified) that was shaken to uniformly mix the contents before 89 samples were taken and that the 50 ml sample should be delivered to the laboratory within two 90 days of purchase. Details of the date of pasteurisation and retail supplier were also recorded, but 91
are not discussed here. 92
Total viable count 93
The total viable count (TVC) was performed using milk count agar according to Botsaris et al. (2013) . 94
Serial dilutions of the milk sample were prepared and samples (100 µl) plated on plate count agar 95 before incubating aerobically at 30 °C for 3 d prior to enumeration of colonies and calculation of cfu 96 ml -1 . 97
Phage-PCR assay 98
Briefly, 25 or 50 ml of milk was centrifuged at 2,500 x g for 15 min to separate the pellet, milk and 99 cream layers. The upper two layers were removed, and the pellet resuspended in 3 ml Modified 100 
Investigation of location of MAP cells in milk 118
One litre of raw milk was taken and split into twenty 50 ml samples and ten of these were tested 119 using the phage assay (Section 2.3) for the presence of mycobacteria (termed 'whole' samples). Prior 120 to conducting the phage assay pellet is washed with MP which lyses any somatic cell present and 121 releases intracellular mycobacteria (Swift et al., 2013 , Donnellan et al., 2017 . The other ten samples 122
were prepared for the phage assay in the same way, but after resuspending in MP each of these 123 samples were further split into two 25 ml portions (termed 'paired' samples) and each was tested 124 separately using the phage assay (Section 2.3). The largest percentage of samples in our dataset (6.8 %) contained 1-2 detectable MAP cells. Given 167 that these samples contained fewer cells than the reported limit of detection of either culture or 168 PCR-based detection, this result suggests that the level of MAP present would not be detected by 169 either of these methods and that the phage-PCR assay is a more sensitive technique. This is 170 consistent with our previous findings when low levels of MAP were detected in blood samples from 171 infected animals that could not be detected by either culture or using a commercial direct PCR kit 172 (Fig. 3b ) again indicating that a 215 high plaque count, which is associated with a high probability that MAP will be present in a sample 216 (Botsaris et al., 2013), is not due to faecal contamination. These results are in agreement with a 217 previous study that showed that there was no correlation between the total bacteriological count, 218 somatic cell count and the detection of IS900 sequences by PCR in a survey of bulk tank milk (Corti 219 and Stephan, 2002) and therefore faecal contamination alone cannot account for the presence of 220 MAP in raw milk and rather suggests that these cells are being directly shed into the milk. To provide evidence that the MAP being detected in raw milk were primarily intracellular, raw bulk 228 tank milk was obtained which was likely to contain viable MAP cells from a farm with a known 229
Johne's disease problem. To investigate the spatial distribution of MAP, the variation in number of 230 mycobacteria present in individual samples taken from bulk tank milk was investigated. To do this 231 ten 50 ml samples were taken from one litre of raw milk and were tested using the standard phage 232 assay method for the presence of mycobacteria (termed 'whole' samples). To determine if variability 233 in the number of Mycobacteria detected was due an asymmetric distribution of cells in the milk 234 rather than the sampling method, another ten samples were prepared for the phage assay, but after 235 the pellet had been washed with MP which lyses any somatic cells and releases the mycobacteria 236 into the media, each of these samples was then further split into two portions (termed 'paired' 237 samples) and each of these was tested separately using the phage assay (see Fig. 4A for 238 experimental plan). The results in Figure 4B shows that for each of the two groups of samples 239 ('whole' or 'paired'), the median number of mycobacteria detected per 50 ml was the same (50 vs 240 49) and the range of the plaque numbers detected within each group of samples was also very 241 similar (range for 'whole' samples = 16-145 per 50 ml; range for paired samples = 13-131 per 50 ml). 242
These results showed that processing the samples in two different ways did not affect the overall 243 number of mycobacteria detected per 500 ml but that there was quite a large range in the number 244 of mycobacteria detected per 50 ml sample, typical of the pattern seen when low numbers of cells 245 are asymmetrically distributed in a sample. 246
When the numbers of mycobacteria detected in the paired samples is examined, it can be seen that 247 although there is still variation in the number of mycobacterial detected in individual 50 ml samples, 248
there is a good correlation between the number of mycobacteria detected for each of the pairs 249 when individual 50 ml samples were further split into two samples (r 2 = 0.79; was that this null hypothesis of CSR across the subsamples was strongly rejected (p<0.001) and 264
suggests that the distribution of mycobacteria present in the bulk tank milk is uneven so that when 265 an individual 50 ml sample is taken there is likely to be a significant variation in the numbers of 266 mycobacteria detected. 267
The second analysis used a permutation test to compare the total number of mycobacteria detected 268 in the 'paired' samples with that expected from a random (binomial) allocation. Expressing each of 269 the 10 allocations as a proportion p i =N 1i /N Ti of the total N Ti =N 1i +N 2i of the two halves for that 270 sample, 10,000 sets of equivalent proportions were generated from a binomial distribution. Each of 271 these sets takes the form p i *=r i /N Ti where r i~B (N Ti ,0.5) for i=1,…10, thus being a random allocation 272 of the same total count as the corresponding sample. For each of these sets, a summary statistic -in 273 this case the variance of these proportions -is calculated. The position (order statistic) of theM A N U S C R I P T
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allocations, gives the p-value. As a two-tailed test is to be used, the smaller of the two order 276 statistics are taken and doubled to obtain the final p-value, which was p=0.625. Thus for the 'paired' 277 samples the null hypothesis of randomness cannot be rejected, since the evidence of randomness 278 seen in the initial analysis is no longer present after this lysis step has been carried out to release the 279 mycobacteria into the media. 280
The difference in the treatment of the 'whole' and 'paired' samples was rather than resuspending 281 the pellet in 1 ml and independently testing each 50 ml 'whole' sample, the pellet from the 'paired' 282 samples was resuspended into 2 ml of media which lyses the somatic cells releasing the 283
Mycobacteria into the media before further splitting into two samples (see Fig. 4A ). The overall 284 plaque number detected per 50 ml sample was not affected by the change in sample preparation 285 method ( 2014). This makes the method very useful for studying pasteurised products which could contain 323 both viable and inactivated MAP cells. In this study the phage-PCR assay was shown to be able to 324 detect low levels of viable MAP in pasteurised milk with 10 % of the samples found to contain viableM A N U S C R I P T
MAP. The prevalence of MAP was higher than that reported in a number of other published studies 326 that used culture to detect MAP (1.7 to 6.7%) but this does not suggest that our samples had a 327 higher prevalence rate, just that the phage-PCR assay is more sensitive and therefore increases the 328 frequency with which samples containing very low numbers of MAP cells give a positive result. The 329 specificity of the assay is demonstrated by the end-point PCR, which has been previously 330 demonstrated as being specific for MAP (Bull et al., 2003) . Given the rapidity of this method, there 331 is now potential to perform a larger trial to ascertain ability of this method to monitor the efficacy of 332 milk pasteurisation processes on a larger scale. There is a clear need for further research to be 333 carried out to fully understand this hypothesised mechanism of survival and the fact that 334 mycobacteria that reside inside eukaryotic cells can be protected from external sources of stress. 335
Here we have demonstrated the ability to rapidly detect and enumerate MAP using the phage assay 336 providing a useful tool to allow such studies to be completed without the need for prolonged 337 incubation of cultures required when using traditional culture methods. A total of 38 MAP-positive samples were detected, defined as those that produced plaques that were IS900-PCR positive. Data were grouped by plaque number per 50 ml sample and the results for each group reported as percentage of the total sample set (n = 368 semi skimmed (1.7 % fat) milk). The groupings were based on the reported sensitivities of other methods i.e. 1-2 cells, no other method reports being able to detect this low level, 3-9 cells and >10 cells, potentially detectable by direct PCR; >10 cells, potentially detectable by culture.
